ABSTRACT. The glaciological investigations on Rhonegletscher were started in 1874. The mass-balance data measured during 1884/ 85-1908/ 09 and during 1979/ 80-1981 / 82 are presented. Two methods are used for estimating the mass changes. During 1882/83-1968/ 69, the cumulative specific net balance is -24 ± 6 m w.e.
ABSTRACT. The glaciological investigations on Rhonegletscher were started in 1874. The mass-balance data measured during 1884/ 85-1908/ 09 and during 1979/ 80-1981 / 82 are presented. Two methods are used for estimating the mass changes. During 1882/83-1968/ 69, the cumulative specific net balance is -24 ± 6 m w.e.
at the 90% confidence level by the regression model of annual mass balance , annual precipitation, and summer air temperature (the PT model), while the thickness change revealed by the maps is -23 ± 5 m w.e. The cumulative specific net balance during 1882/ 83-1986/ 87 is -26 ± 6 m w.e. at the 90% confidence level.
The study shows that Rhonegletscher generally experienced mass loss, especially during the periods from the late 1920s through the early 1960s with some short periods of positive balance. The glacier tongue retreated by 970 m during 1882-1986, that The PT models of Rhonegletscher and other alpine glaciers suggest that the contribution of the temperature changes to the mass balance is of more importance than that of the precipitation changes. The great mass loss reflects the climatic warming after the end of the Little Ice Age, with the warmest period occurring around the 1940s in this region.
INTRODUCTION
Mass balance of a glacier is a key element for understanding a glacier's behaviour and history. The processes of the mass exchange between snow/ ice and the atmosphe re are essential for knowing those of energy (heat) exchange associated with, and the effect of, snow/ ice changes in the climatic systems (Ohmura, 1988) . Mass balance al so serves as an element of the water balance. Therefore, an accurate data base of the glacier mass balance both measured and reconstructed becomes essential (Martin , 1978; Tangborn , 1980; Reynaud and others, 1986) .
Rhonegletscher is located in the middle of the Swiss Alps (Iat. 46 °37 , N., long. 08 °24 , E.). It is the source of the Rhone River. This valley glacier is 10.2 km long with an area of 17.38 km 2 , and the terminus was at 2140 m a.s.l. in 1969 (Muller and others, 1976) . The exposure of both the accumulation and ablation areas is to the south . Its mean thickness is about 100 m (Haeberli and others, 1983; Waechter, unpublished) .
In this paper, the mass-balance data of Rhonegletscher measured during 1884/ 85-1908/ 09 (Mercanton, 1916) and during 1979/ 80-1981 / 82 (Funk, 1985) are presented. Furthermore, the mass change of Rhonegletscher since 1882-83 is estimated by using a regression model of the specific net balance, the precipitation, and the air temperature (the PT model). To check the accuracy of the model, the results are compared with the mean thickness change of the glacier during 1882-1969 as revealed by the topographical maps. The PT models and the vertical gradients of the net balance of this glacier are analyzed in relation to the mass changes. Finally, the climatic implications of the mass changes of this glacier are briefly discussed.
An overview of the studies on Rhonegletscher
Rhonegletscher is one of the glaciers with the longest record of terminus fluctuations in the world and it still serves as a reference glacier for monitoring by the "Glacier Commiss ion" (Gletscher-Kommission) of the Swiss Academy of Natural Sciences (SA NW, earlier known as SNGSchwei zerisch e Naturforschende Gesellschaft) and the World Glacie r Monitoring Service.
The record of the fluctuations of Rhonegletscher goes back to 1869. In 1874, Rhonegletscher was selected for systematic gla ciological studies by the "Glacier Committee" (Gletscher-Kollegium) of the SANW and of the Swiss Alpine Club (SAC). The aim of the study at that time was to understand the historical development of the glacier and its flow, as well as the waxing and waning of the glacier due to the changes occurring at the glacier surface. The studies covered: (I) topographical survey of changes of the ice surface and the tongue, (2) ablation and accumulation, (3) gl acier flow, (4) glacier run-off, and (5) the structures of the g laci er. The main studies were funded and guided by the Glacier Committee during 1874-88, and the Glacier Commiss ion during 1888-1915. The measurements were done by P. G osset during 1874-80, L. Held during 1881-88, and L. Held, H. Wild, S. Simonell, and E . Leupin during . Some of the research reports were published (Riitimeyer, 1880 (Riitimeyer, -81, 1881 (Riitimeyer, -84, 1886 Coaz, 1885; Hagenbach-Bischoff, 1894 -1910 Heim, 1910-15; Held, 1889) . The results were summarized by Mercanton (J 916) .
The fluctuations of this glacier have been monitored continuousl y by the Glacier Commission (Kasser and Aellen, 1986) . A new comprehensive glaciological, cJimatological, and hydrological research project on Rhonegl etscher (Rhonegletscher Project) was initiated in 1979 by the Department of Geog raphy of the Swiss Federal Institute of Technology (ETH Ziirich) with the aim of studying the combined balances of ice, water, and energy in a strongly glacierized basin (Muller and others, 1980) . The mass-balance study was a part of this project in which both winter balance and summer balance of the glacier had been measured (Funk, 1985) . Other studies on Rhonegletscher concerned the ablation gradient (Haefeli, 1962) , radio-echo sounding (Haeberli and others, 1983; Waechter, unpublished) , hydrolog y (Bernath, unpublished) , length variations (Kasser and Aellen , 1986; Muller, 1988) , and the mechanical characteristics of the historical glacier in 1850 (Haeberli and Schweizer, 1988) . A general survey of this glacier has been given by Riithlisberger (1963) .
Maps
The first topographic map of Rhonegletscher was made by H. Siegfried and L. Held between 18 74 and 1882. The tongue was drawn at a scale of I: 5000, and the rest of the glacier at a scale of I : 25 000, with a contour interval of 10 m (Merca nto n, 1916) . In 1959 and 1969, Rhonegletscher was map ped again at a scale of I: 25 000 and with a co ntour interval of 20 m. It was printed on two sheets: Guttannen (Map No. 1230 , 1969 and Urseren (Map No. 1231 , 1959 of the Swiss Federal Topographical Survey. The acc uracy of th e topographical maps of the glacier is within ±5 m (be tter in the lower ab lation a rea than in the upper accum ulation area).
MASS-BALANCE DATA

Mass-balance measurements
The following profiles were estab lished for the ve locit y, elevation, and mass-change meas urem en ts ( Fig. I) ]l.,j:-: <;'-""7 I"'J-, "11
alld the stakes for 1884/ 85-1908/ 09. 1874-75 call ed black, green, ye llow, and red; another four in (Upper-and Lower-Grossfirn and Upper-and Lowe r-Thaeli), and one in 1895 (blue). Due to glacier retreat, the lowest three profiles disap peared in 1882-83, 1899-1900, and 1911-12. For th e period 1884/ 85-1909/ 10 , the mass changes were meas ured by observing ablation and / or accumulation using stak es. The c hanges in th e surface elevation only were meas ured without density determinati ons. The positions of th e stakes of the upper four profiles are shown in Figure I . More than II stakes were installed in the profiles I-IV, but th ese stakes moved with time and some even disa ppea red. There are three stakes for each of the profiles 200 V-IX , which were newly installed each year at the initial profile posit ions.
The annu al mass cha nge was defined as "accumulation" when the glacier had gained mass during a hydrologic year and as "a blation" when mass was lost. The original data for ablation or acc umul at ion should be tra nslated into the specific annual ba lance or the specific net ba lance by the fixe d date system, as defined by Meier ( 1963 ) , 0strem and Sta nley (1966) , a nd Mayo and others (1972) .
For the period 1979/ 80-198 1/ 82, measurements of mass balance were made by Funk ( 1985) at 50 points selected so as to provide a good representation of the spatial mass-balance distribution (Fig. 2) . The data were a nalyzed by a multiple-reg ression model to discover the relatio nships between the specific net balance and the morphological parameters of the glacier surface.
Calculation of the specific net balance
In the present approach, annual net balance of a point as measured by a stake will be denoted as b while the 1 ( km) Fig . 2 s pecific annual net balance over an area (an altitude interval, the ablation area, the accumulation area, or the whole glacier) is specified as <b >. <> specifies the mean of b over the whole area. To calculate the mean specific net balance <b> of a glacier, the commonly applied formula is
where Si is the area of the glacier within the ith altitude interval of 100 m, and <b)i is the specific net balance of that interval.
When calculating <b) with Equation (I), <b)i can be approximated as the arithmetic mean of the b values of the stakes in the ith altitude interval. si changes from year to year, especially in the ablation area, but it is not measured annually in most cases. By taking si as the area of the glacier or as that of the ice-covered area (i.e. including the area of small ice patches in the same altitude interval, which are separated from the glacier), some differences in the calculation of <b) may be introduced. The ice-covered area is used for the <b) calculation for the period 1884 / 85-1908 / 09 while the glacier area is used for the calculation of <b) 1979/ 80-1981 / 82 . For Rhonegletscher in 1969, the glacier area was 17 .38 km 2 and the ice-covered area was 18.42 km 2 . This is a difference of 1.04 km 2 . No corrections were made for this and the resultant error is judged to be small. In the present study, "area" always refers to "ice-covered area" .
Correction of the 1884/85-1908/09 mass-balance data The original data are point values of stake measurements giving ablation or accumulation. They need to be corrected before they can be used for the following reasons: (I) the length of the annual measurement period changed with time, (2) the position of the stakes changed with time, (3) the snow/ firn densities are unknown, and (4) in some areas of the glacier, there are no measurements.
The times of stake readings for mass-balance measurements varied from late August to late September. Therefore , part of the original records of mass balance shows a time deviation of about I month, by the end of a hydrological year, from the period of the generally used hydrological year (the fixed-date system) in the midlatitudes (beginning of October-end of September). The time deviations introduced some errors to the calculation of <b) for the years when intense ablation or accumulation occurred by the end of the year and were not considered.
Stake positioll. The stakes were used for the simultaneous measurements of both ice flow and mass balance. In the lower part of the glacier they had to be replaced or newly installed due to ice flow and intense ablation. Therefore, the coordinates of the stakes or observation points changed with time. This can easily be considered by using the information on the positIOns of the measurement points as given by Mercanton (1916) .
Dellsiti es oj sllow/ jirn / ice. Densities of snow/firn/ ice are basic data for mass-balance calculations, especially in the accumulation area. As no original density measurements are available, the data are treated in the following way: the positive mass-balance data (almost all stakes with positive b in the accumulation area) are multiplied by a constant of 0.6 (the mean density of firn), according to the field measurements on Rhonegletscher by Funk (1985) , and the negative mass balance in the ablation area by 0.9 (the density of ice).
Data extrapolatioll. Above the two "upper" profiles in the accumulation area, there are about four 100 m altitude intervals which extend from 3200 to 3629 m a.s.1. and covered 4.28 km 2 in 1874-82 (18.8% of the total area). Their area remained almost unchanged until 1930. For this area, <b ) values are extrapolated using a vertical gradient of <b ) (hereafter referred to as <db/ dz » of 6.3 mm / m which is the mean gradient for the accumulation area measured during the period 1979/ 80-1981 / 82 (Table I) . In some years, the stakes were lost in the lower part of the tongue due to strong ablation . For example, the mass-balance data for the five altitude intervals between 2600 m a .s.1. and the terminus (1780 m a.s.l.) were lost in 1884-85. Missing data from the ablation area are extrapolated according to the mass-balance data of neighbouring altitude intervals and <db/dz ) for that year or 9.1 mm / m, which is the mean value for the ablation area during the period 1979/ 80-1981 / 82 (Table I) 
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Analysis of the measured mass-balance data
The data for the measured <b ) versus the altitude interval , compiled as explained above based on the original data (Mercanton, 1916) , are listed in Table II . Despite the fact that the vertical gradient of <b ) is larger in the lower part of the ablation area and becomes smaller towards the accumulation area, the maximum amplitude of the vertical shift in <b)-isolines can be observed in the altitude interval where the equilibrium line appears (Fig. 3) . The amplitude of the vertical shift of the <b > = 0 m w.e. isoline is 500 m (2600-3100 m a.s.I.).
Moreover, it is larger in the accumulation area than in the ablation area .
The specific net balance <b > during 1884 / 85-1908 / 09 and 1979 / 70-1981 / 82 (Funk, 1985 and some other data from Rhonegletscher are listed in Table I . The mass balance for the period 1884/ 85-1908/ 09 is generally negative, and the cumulative <b> during those 25 years is -3240 mm w.e. Some short periods with a positive <b ) occurred in the late 1880s, the mid-1890s, and the late 1900s.
For the period 1979/ 80-1981 / 82, the specific summer balance of Rhonegletscher is -1350 mm w.e. in its accumulation area and -3800 mm w.e. in the ablation area. The specific winter balance is 2610 mm w.e. in the accumulation area and 1660 mm w.e. in the ablation area . The specific net balance <b ) (in mm w .e .) of Rhonegletscher was 890 in 1979-80, 90 in 1980-81, and -380 in 1981-82. 1884/ 85-1908/ 09 alld 197 9/ 80-1981 / 82 .
THE VERTICAL GRADIENT OF THE SPECIFIC NET BALANCE
The vertical gradient of the specific net balance <db/ d.: > reflects the net balance change with altitude or the form of the specific net balance-elevation curve «b)-z curve). For some glaciers the <b)-z curves for different years have a similar form, i.e. the <b)-z curve for a glacier for one year can be approximated by a parallel displacement of the <b)-z curve of that glacier of the reference year (Meier and Tangborn, 1965; Hoinkes , 1970) . This reference <b)-z curve is usually taken as the mean <b)-z curve or the <b)-z curve for the near-balance situation. If such a feature applies universally, it implies that mass-balance measurement field work could be reduced. The <b )-z curve for Rhonegletscher also shows this feature for the years 1979-80, 1980-81, and 1981-82 (Fig. 4) . However, detailed examination shows that the vertical gradient of the mass balance of Rhonegletscher is not strictly a constant in time.
The spatial distribution of b values of Rhonegletscher during 1979/ 80-1981 / 82 has been investigated by Funk (1985) using mUltiple-regression analysis with morphological parameters of the glacier surface (elevation, surface slope, azimuth, and concavity and convexity index) as independent variables. These morphological variables have been 1979 / 80-1981 / 82) T he subsc ripts for <db/dz ), a, c, and g, specify the ablation area, the accumulation area, and th e e ntire glacier. (I) and (2) den o te that corresponding db/ dz are calculated by Equations (2) where <b> is defined as above and z is the altitude. The subscript i denotes the ith altitude interval. The mean <db/ d z> of the ablation and accumulation areas, as well as the entire glacier, which are referred to as <db/ dz ) \!' <db/ d z)c' and <db/ dz)g' respectively, is the arithmetlc mean over all the altitude intervals in the corresponding area. The second method is to find a linear regression relationship between the specific net balance <b >i and the al ti tude z i: (3) If the correlation of <b>i -zi is significant, the value of 13 1 can be taken as that of <db/ dz >.
Both Equations (2) and (3) (2) for the years when the <b)-z curves do not deviate much from the linear form (Table I) . should be done by using <db / dz >c for the accumulation area and <db/ dz>a for the ablation area. Although the results suggest that annual <db/ d z> changes with time, the mean of <db/ dz> over a long time remains stable (7--9 mm / m for the entire glacier, 9-10 mm/ m for its ablati on area, and about 6 mm/ m for its accumulation area).
The <db / dz ) values from the measurements during 1979/ 80-1981 / 82, covering the whole glacier, are considered to be relatively accurate and are therefore used for extrapolation purposes.
MEAN ELEVATION CHANGES
Changes in elevation and volume of glaciers can be determined by using the digital elevation model or the contour method (Finsterwalder, 1954; Reinhardt and Rentsch, 1986) . Both methods are used here. 1884-85, 1895-96, 1902-03. 1979-80 . 1980-81. alld /981-82. 1882-1969 is -20 m as revealed by two maps. The errors in the <llh> estimation by method I is mainly introduced by the interpolation of the elevation of some grid points. (1) ( l!.h > is estimated as the mean elevation change of the grid points , and (2) ( l!.h > is determined from the volume change.
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• (Schuepp, 1961; Uttinger, 1965; Weilenmann, unpublished) , three PT models for the period [884 / 85-1908/ 09 and [979 / 80-1981 / 82 are established through multiple-regression analysis (see PT models Nos [-3 in Tab[e IV). The PT model used for extrapolation purposes in this study is:
with <P a> and <Ts> being the mean annual precipitation and mean summer temperature for Reckingen and
Andermatt. The units of <b >, <P a >, and <Ts> are in mm , and °C, respectively. The multiple-correlation coefficient for Equation (7a) is 0.85 and it is significant at the 90% confidence limit. The standard deviation of the residuals of Equation (7a) is 354 mm w.e.
precipiation, and air temperature, respectively, and
The ranges (the difference between the maximum and th e minimum) of <Pa > and <Ts> for Reckingen and
Andermall are 1029 mm and 3.0°C. [t can be estimated from the regression coefficients of Equation (7a) that the contribution of <Ts> to <b> is about 1.5 times that of <P a >. By the standard deviations up and UT of the climatic elements during the measurement period, it can also be seen from PT models Nos 1-3 for Rhoneg[etscher (Table IV) that the influence of temperature changes on <b> is 1.3-1.8
times that of the precipitation changes. Similar studies on some other alpine glaciers suggest that the influence of the te mperature on <b> is usually of the same significance as or more important than that of the precipitation.
denotes their spatial mean over the entire glacier. 13 Q , 131' and 13 2 are the coefficients and E is the residual. Another form of Equation (4) is
with the same variables as in Equation (4) &<P > and u <T > are the standard deviations of <P > and <T >, res pectively . Ideally, precIpItation and temperature se ries of the glacierized region should be used in Equation (6) . However, none exists for a long period. P and T for single stations nearest to the glacier are generally used (Martin, 1978; Va[[on and Leiva, [982; Ho[m[und , 1987; Letreguilly, unpublished) .
The climatic stations Reckingen (Iat. 46 °28 , N ., long. 08 ° 15' E., 1338 m a.s.l. and 9 km south of Rhoneg [etscher) and Andermatt (Iat. 46 °38 , N., long. 08 °36 , E., [442 m a.s.1. and 15 km north-east of this glacier) are selected for analysis due to the more significant correlations of their climatic elements with the <b> of Rhonegletscher in The air temperature is obviously very important in PT mode ls for glaciers in maritime climatic regions such as the Alps. The significance of the air temperature to the massbalance processes has been recognized for a long time (Ahlmann, [953) . Under wet maritime climatic conditions, the sensible-heat flux and the long-wave radiation play a decisive role in the glacier ablation, and hence mass-balance processes. In the summer season, the net radiation (90 W / m2) and sensible-heat flux (81 W / m2) contribute almost equal amounts of energy to the heat input at the Rhonegletscher surface and nearly all of this heat input is used for melting (Funk, [985) . This is different from the situations of glaciers in dry continental climatic regions such as at Glacier No. I in the headwaters of the Urumqi River in Chinese Tian Shan, where 80-90% of the heat input is from net radiation with the remaining part (10-20%) mostly from se nsible heat. About 10% of the available heat input is used for evaporation and the remaining 90% for melting (Bai and Xie, [965) . The so urces of mass-balance data of glaciers Nos 4-7 are Kasser (1967 , [973), Muller (1977 , Haeber[i (1985) , and Haeberli and Muller (1988) . The periods for the regressio n analysis are: [-3. [84/ 85-1908 / 09 and 1979/ 80-198[ / 82, 4. [948 / 49-1984 / 85, 5. 1961 /62-1984/ 85, 6. 1947/ 48-1984 / 85, 7. 1959/ 60-1984 / 85, 8. 1952/ 53-1984 The mean values of <P a > and <Ts> for Reckingen and Andermatt during 1884/ 85-1908/ 09 and 1979/ 80-1981 / 82 are 1164 mm and 11.7°C. Therefore, Equation (7a) can be written as:
The mean <b> in mm w.e./a (water equivalent per year) is therefore -98 from Equation (7a) and the measured <b> during 1884/ 85-1908/ 09 and 1979/ 80-1981 / 82 is -95 mm w.e. / a . The comparison with the result from Equation (7a) is shown in Figure 7 . The mean and cumulative values of <b> for the period 1884/ 85-1908/ 09 are -130 mm w.e./a and -3240 mm w.e. from the measured <b>, and -128 mm w.e./a and -3197 mm w.e. as estimated by Equation (7a). Therefore, the <b> values calculated from Equation (7a) are close to the measured <b >, although the results from PT models 1-3 in Table IV all agree well with the measured <b >. 
THE RECONSTRUCTED SPECIFIC NET BALANCE
To reconstruct the mass balance of the glacier by PT models, the statistical relationship established by the measured data is assumed to be valid for the period for which there are no mass-balance measurements (1909 / 10-1978/7 9 and 1982/ 83-1986/ 87) . In fact, such statistical PT models do not remain strictly stable. The regression coefficients 13 0 , 13 1 , and 13 2 will change with time. Therefore, <b > values estimated by using PT models may yield certain errors when long periods are considered.
The data for P a in the years 1889 -90, 1896 -97, 1906 -07, and 1929 / 30-1933 / 34 and Ts in 1929 -30, 1931 / 32-1932 3 at Reckingen are reconstructed on the basis of data from neighbouring stations (Weilenmann, unpublish ed) . The observations at Reckingen ceased after 1981 and the data after that are recon structed using those from Grimsel , another station near Rhonegletscher. Considering the regional variability of the climatic elements and the comparison with the measured mass balance, Equation (7a) is used for the reconstruction of <b> for Rhonegletscher.
The reconstructed specific net balance <b> of Rhonegletscher is given in Table V . In spite of some short periods with a positive mass balance, this glacier generally experienced mass loss after 1908-09, especially during the periods from the late 1920s through the early 1960s, with the cumulative net balance being -26 ± 6 m w.e . at the 90% confidence level between 1882-83 and 1986-87 by the PT model (Fig. 8) .
Errors introduced by the PT model calculation may be due to: (I) the inaccuracy of <b> during 1882/ 83-1908/ 09, upon which the PT models are based, and (2) the statistical property of the PT model and the inhomogeneity and the inaccuracy of Ts and P a' The cumulative specific net balance of Rhonegletscher is estimated statistically to be within 24 ± 6 m w.e. at the 90% confidence level assuming that the <b > values for different years are independent from each other and that data for precipitation and temperature are free of error. (-48 cm w.e./a) for period 11 by the PT mod el. Small temperature changes obviously influence the mass changes greatly, while the influence of precipitation on the changes of mass balance is smaller.
It shows that Rhonegletscher mostly experienced mass loss si nce 1882-83. This can also be see n on other glacie rs (Table VII) (Martin, 1978; Finsterwalder and Rentsch, 1980; Vallon and Leiva, 1982; Meier, 1985; Reynaud and others, 1986; Holmlund , 1987; Letn!guilly , unpublished) . The intense and continuo us retreat of the Rhonegletscher front also sugges ts a negative value of the cumulative mass balance.
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The re trea t of thi s glacier since the end of the Little Ice Age has been interrupted only by so me short periods of advance (Fig. 8) 1884/ 85-1908/ 09 and 1979/8 0-1981 / 82 , and on es tim ation by PT models: the regression models of the mean specific net balance over the entire glacier <b > and the climatic elements. The reconstructed <b > during 1884/ 85-1968/69 from the PT model was compared with the ice-thickness change of the same period based on the cartographic method . For Rhonegletsc her during 1882/ 83-1968/ 69, the cumulative <b> is -24 ± 6 m w.e. by the PT model, while the mean thickness change is -23 ± 5 m by the ca rtographic method. The uncertainty ranges of the results from these two methods overlap each other.
Rhonegl etsc her has experienced relatively great mass loss since the end of the Little Ice Age. The cumulative specific net balance is -3.4 m w.e. during 1884/ 85-1908/ 09 according to the stake measurements and -26 ± 6 m w.e. during 1882/ 83-1986/ 87 according to the PT models . Some short periods of positive b are found in the late 1880s, the mid-1890s, the late 1900s to the late 1910s, and in the late 1970s. The other periods in between show negative b, especially during the period from the late 1920s through the ea rly 1960s with maximum mass loss in the 1940s.
The influence of summer temperature on the mass balance is of more importance than that of precipitation for Rhonegletscher. This seems to apply also to other alpine glaciers under wet maritime climatic conditions. The temporal change of <b > for Rhonegletscher reflects a general trend of warming after the end of the Little Ice Age with the warmest period from the late 1920s to the ea rly 1950s, especially in the 1940s.
The negative mass balance partly explains the continuous retreat of this glacier since the end of the Little Ice Age. Rhonegletscher retreated 970 m during 1882-1986, which is 9% of its length . For the period 1882-1969, this glacier decreased by 19% of the ice-covered area, by 20% of its thickness, and by 27 % of its volume.
